The wave number of transverse spatial structures in broad-area vertical-cavity surface-emitting lasers (VCSELs) is controlled via frequency-selective feedback from an external self-imaging cavity in a broad range of wave numbers and emission frequencies. The selected states follow the dispersion curves of the free-running laser. A control range of about 2.5 µm −1 in spatial frequency space and 2.5 nm in emission wavelength was obtained for square VCSELs and of about 3 µm −1 and 8 nm for circular VCSELs having a different dispersion curve. By spatial filtering in Fourier space, the shape of the structures can also be controlled to some extent. It is argued that the feedback techniques are useful to 'probe' emission states of the free-running laser.
Introduction
Broad-area edge-emitting semiconductor lasers are very attractive compact and monolithic sources for material processing, medical applications and laser pumping though their brilliance is limited due to a rather poor spatial and temporal coherence (e.g. [1] ). Broad-area vertical-cavity surface-emitting lasers (VCSELs) are less developed but potentially even more attractive due to their non-elliptical beam profile and single-longitudinal mode behaviour [2, 3] . However, due to the fact that the single pass gain is low due to the wavelength-scale cavity length, achieving high power VCSELs necessarily demands a large extent of the transverse aperture. The resulting high Fresnel number implies that high power VCSELs are prone to transverse instabilities and multi-transverse mode behaviour. In addition, dynamical instabilities down to picosecond time scales have to be expected (e.g. [4] [5] [6] ) and were indeed observed in edgeemitting lasers [7] .
Due to these dynamical instabilities present in freerunning lasers there is profound interest in control schemes. A very powerful tool is optical feedback, in many cases in conjunction with filtering techniques [6, [8] [9] [10] [11] [12] [13] . Promising progress was achieved in controlling the emission of broadarea edge-emitting semiconductor lasers [11, [13] [14] [15] [16] [17] [18] [19] . Some of these works also witnessed interest in stabilizing other spatial distributions than the fundamental/homogeneous mode as long as the mode stability and thus the temporal coherence can be improved. In VCSELs, the stabilization of the fundamental mode as well as some high order modes was demonstrated in a small Fresnel number situation where Gaussian modes were emitted [20] . It was also shown that small bistable microlasers-a special type of spatial dissipative solitoncan be stabilized within a broad-area VCSEL with frequencyselective feedback [21, 22] .
Additional motivation for the control of broad-area lasers stems from the general thrust for control techniques for spatial extended systems in the framework of nonlinear dynamics.
Though some approaches exist in different chemical and physical systems, these investigations are just at their starting point (e.g. [23] ). In nonlinear optics a Fourier space based feedback technique was suggested for nonlinear resonators [24] motivating many successful implementations in single-mirror feedback schemes [25] [26] [27] [28] .
In this contribution we utilize a scheme based on a broadarea VCSEL with frequency-selective feedback. Since in plano-planar resonators the frequency and wave number are coupled [9, 29, 30] , the square of the wave number being proportional to the detuning between emission frequency and the longitudinal cavity resonance, frequency control also provides wave number control (and vice versa, e.g. [9] ). We briefly discuss the effect of spatial filtering in Fourier space and a combination of frequency and spatial filtering. We illustrate that feedback can be used to 'probe' the structures of the freerunning laser in some sense providing a further example for the usefulness of feedback in understanding the mode structure and behaviour of the unperturbed system [24, 27] .
Experimental setup
The experimental setup is shown schematically in figure 1. The devices under study are oxide-confined top-emitting VCSELs emitting at around 780 nm as described in [30, 31] . Their square apertures have a cross-section of a = 40 µm. The cavity, consisting of three 8 nm thick Al 0.1 Ga 0.9 As quantum wells and Al 0.4 Ga 0.6 As spacer layers, is sandwiched by two highly reflective distributed Bragg reflectors (DBRs, top mirror: 31 layers, bottom mirror: 47.5 layers). For comparison, in some experiments circular oxide-confined bottom-emitting VCSELs with a diameter of 80 µm and an emission wavelength of 980 nm were investigated. Their epitaxial structure is similar to the ones described in [3, 21] .
The VCSEL is driven by a low-noise current source. The laser is mounted onto a Peltier element-controlled heat sink with a feedback circuit. Due to the fact that the wavelengths of the gain maximum and of the cavity resonance shift with different rates with temperature, the heat sink temperature controls the detuning condition in a single-longitudinal mode laser [29, 30, 32] . The wavenumber of the threshold mode has a square-root shaped dependence on detuning due to the resonant properties of plane-plane cavities [29, 30] . The minimum temperature to be investigated is limited to about 10
• C, where water starts to condense at the cold side of the heat sink. At 10
• C the wave number at threshold emitted from the freerunning VCSELs under study is about 2.5 µm −1 . Thus a lens with a relatively low numerical aperture (NA) is sufficient to collimate the laser beam allowing for the use of a relatively high focal length, which in turn facilitates the placement of a beam splitter between the lens and its Fourier plane. An aspheric lens with a focal length f = 11 mm and an NA of 0.3 is used. The Fresnel reflection of a glass substrate with anti-reflection coating on one side is used to split off a small portion (1-10% depending on the polarization direction) of the beam for the detection arm.
In the feedback beam path a second lens (focal length 300 mm) is used to image the plane of the active zone of the laser onto the feedback grating or mirror, which in turn retroreflects the beam into the VCSEL. This system is self-imaging, i.e. has an ABCD-transfer matrix (
. This is the only configuration which can support arbitrary field distributions. For example, a telescopic system with three lenses and a transfer matrix ( −1 0 0 −1 ) was found to yield only inversion symmetric structures (as expected). Geometric imaging of the VCSEL aperture onto the feedback element results in a round-trip transfer matrix having a non-zero value in the nondiagonal component coupling position to angle (i.e. describing focusing). Due to the fact that the VCSEL resonance depends on the incidence angle, this will change the feedback conditions (see the discussion below, equation (3)).
For frequency-selective feedback a holographic grating with 1800 lines mm −1 is used. The grating is used in Littrow configuration [33] , i.e. the first order of the grating is reflected back into the VCSEL. The diffraction efficiency of the grating is highly anisotropic favouring horizontal polarization. In order to have completely defined polarization conditions, a polarizer is inserted into the feedback arm and set for transmission of the horizontal component.
In the detection arm a high-resolution digital CCD camera is used to record the intensity distributions in near and far fields. The half-wave plate in combination with the linear polarizer is used to analyse the polarization of the emission. The fact that the reflection coefficient of the intra-cavity beam splitter is about ten times higher for vertically polarized light than for linearly polarized light needs to be taken into account when the polarization properties are characterized. The Fourier images of the laser emission taken with the CCD camera are calibrated from pixels to divergence angles or wave numbers by measuring the angle directly with the camera placed in front of the laser without any imaging optics for some values of parameters in free-running operation.
In addition, a grating spectrograph with a resolution of 0.07 nm is used to measure the wavelength of the emission. For all experiments the feedback was adjusted with great care using the threshold reduction (i.e. the difference between the laser threshold of the free-running device and the threshold with feedback) and the increase in the output power above threshold as criteria (the monitoring photodetector not shown in the setup). With frequency-selective feedback a maximum threshold reduction of up to 20% was measured.
Experimental results: control of length scales
In a first experiment the feedback frequency is changed by rotating the grating in steps of about 0.01
• (by shifting a differential screw in steps of 12.5 µm). Accordingly the feedback frequency is changed by −74 GHz (or 0.15 nm in wavelength). The laser is operated around the threshold, so that without feedback no significant lasing emission is detected.
In the optical spectra measured with the spectrograph a quasi-continuous shift of the emitted wavelength is apparent. The frequency of laser emission simply follows the changing feedback frequency with a linear relationship. The slope is 0.96. We do not think that this is a systematic deviation from the expected value of 1 but due to the uncertainty in determining the length of the lever arm from the pivot point of the grating holder to the point where the screw acts.
So far, the behaviour corresponds to that of a gratingcontrolled external cavity laser conventionally used for spectroscopy. An examination of the spatial structures, however, shows profound differences (figure 2). It is obvious that the dominant pattern length scale is reduced during the scan towards smaller wavelengths: the near-field intensity distribution on the far left shows a finely modulated pattern, the ring in the far field has a radius of 2.4 µm −1 , close to the maximum transmitted by the collimation lens. On the far right the pattern has a much larger wavelength; the wave number has shrunk accordingly.
For all settings of the feedback the far field shows a single continuous ring with some seemingly irregular modulations. A tendency to some distinct enhancement is present at the diagonals. The polarization is found to be horizontal in all regions of high intensity in near and far fields as expected from the fact that the feedback favours horizontally polarized states. Figure 3 shows the dependence of the wave number on the wavelength at two temperatures. The wavelength is expressed • C. The dashed black line is a fit to the corresponding data of all our lasers under free-running conditions (i.e. from data as the ones in figure 7 of [30] but based on more data). The circular, black data points are the modes which are realized in the free-running laser close to threshold, if the heat sink temperature is varied.
as the detuning with respect to the longitudinal cavity resonance obtained from an interpolation procedure [30] . The temperature-induced shift of the cavity resonance conditions is corrected by measuring the dependence of the emission wavelength on the heat sink temperature and the current for a single mode.
The first important observation is that the data points lie on the same-square-root shaped [29, 30] -dispersion curve as the modes of the free-running laser (given by the dashed black line; as mentioned in section 2 in the free-running laser it can be measured by changing the temperature of the heat sink). This indicates that the external cavity is sufficiently close to the self-imaging condition as to not alter the dispersion of the spatial states and hence the states selected by the feedback are modes of the free-running laser or superpositions thereof.
The second observation is that the data do not depend on the heat sink temperature though the free-running laser emits at a wave number of 3.0 µm −1 at 10 • C and of 1.7 µm −1 at 20 • C. This demonstrates that the control by feedback is effective for different operating conditions of the free-running laser. The wave number where the maximum emission is achieved depends on the heat sink temperature determining the detuning between the gain line and the longitudinal cavity resonance. As expected, it is higher (at 1.8 µm −1 ) at 10
• C than at 20
• C (1.1 µm −1 ). Contrary to expectation, the maximum amplitude with feedback is not found at the wave number at which the free running is operating. The reason for this is not clear. One might suspect that the losses in the feedback loop increase for increasing wave numbers but this conclusion is not supported by the results reported in figure 6 in section 4.
Feedback control is effective over a range of wavelength of about 2.5 nm and wave number 0.8-2.5 µm −1 . At the small wavelength/large wave number side the limit is given by the NA of the lens in the current implementation and hence might be extended by using a lens with a higher NA, though probably not significantly because the amplitude of the emissions already drops considerably compared with the maximum (achieved in the range 1.6-2.1 µm −1 ). On the high wavelength/low wave number side, the laser investigated here stops at a detuning of about −0.3 nm and a wave number of 0.8 µm −1 . In other lasers on-axis emission centred around k ⊥ = 0 can be selected. This would be the preferred state for applications but the benefit is limited because the emission is not homogeneous in near field (or, more precisely, corresponding to the fundamental mode of the transverse waveguide formed by the oxide aperture of the VCSEL), but 'spots' or 'filaments' with a diameter of typically a few micrometres. The same states are emitted by the freerunning laser at higher heat sink temperatures (see figure 5(a) of [30] , figure 1(a) of [31] , figure 3(a) of [32] ). They are probably related to inhomogeneities across the transverse aperture of the laser inhibiting 'true homogeneous' states. Figure 3 shows that the wave number can be tuned by feedback in a much more continuous way than in the freerunning laser by changing the heat sink temperature (circular data points). The next neighbour wavelength separation with feedback is about 0.07-0.15 nm. This is of the order of the discretization imposed by the boundary conditions. In one spatial dimension, it corresponds to k ⊥ = π/a (a size of the laser aperture), which leads to a discretization in wavelength of about 0.16 nm. Obviously, in two dimensions, there are more wave numbers allowed than in 1D and the spacing in wavelength can be smaller. These observations show that the feedback enables the emission of transverse modes that are not observed without feedback (at least close to the threshold). One concludes that there need to be spectral variations in the gain or loss curves for the free-running laser favouring particular wave numbers, but that the feedback strength is stronger than these variations so that the states can be excited by feedback.
We mention further that typically the free-running lasers emit a ring in Fourier space with homogeneous polarization for low enough wave numbers (up to about 1.5-2 µm −1 depending on the device, denoted as region I in [31] ) whereas they switch to a symmetry broken four peak structure at a higher wave number (denoted as region II in [31] ). In region I, the polarization is selected by unavoidable material anisotropies, in the second by an interplay of the reflection at the oxide waveguide and the DBRs (see [31] ). With feedback, the regime of region I seems to be extended. For an interpretation of the results, it is useful to recall that within linear approximation a change in incidence angle implies an equal but opposite change in the diffraction angle at the Littrow wavelength (i.e. the wavelength where the first diffraction order of a beam coming in on the optical axis is retro-reflected into the incoming beam),
where α is the incidence angle of the beam onto the grating and β the diffraction angle (both measured with respect to the grating normal). This can be easily derived from the grating equation
where g denotes the grating period and λ the wavelength of the light. This means that at the Littrow wavelength, the grating behaves like an ordinary mirror aligned perpendicular to the optical axis (see figure 4 (a) for an illustration). Since the external cavity is self-imaging, any intensity distribution at that wavelength receives feedback. The square-root-like dispersion curve due to the resonance condition for plane waves in the VCSEL cavity (dashed black line in figure 3 ) fixes a one-toone correspondence between the wavelength and the transverse wave number. Hence, if the feedback selects a wavelength, the transverse wavenumber is also selected. This argument also explains why the dispersion relation of the feedback-selected modes matches the one of the free-running VCSEL. The frequency selectivity of the scheme stems from the fact that a ray with a wavelength detuned from the Littrow condition will return to the VCSEL at an angle different from the original one ( figure 4(b) ), though still to the same position. Figure 4(b) shows an on-axis wave as an example but the same change in angle occurs for any off-axis wave. Hence, the returning ray does not match the resonance condition of the VCSEL (does not fit the dispersion curve) any longer and is rejected. We will develop a more quantitative treatment below.
Typically, the spectral emission width is about 0.1-0.3 nm, i.e. the wavelength (and wave number) is quite well defined by the feedback but nearly all of the individual spectra are not single frequency. It seems that the range of frequencies reflected by the grating and focused back into the laser is larger than this mode spacing. Indeed, it can be estimated to be 0.4 nm from the standard argument that the resolution of a grating is proportional to the number of illuminated grooves and the selected state is assumed to extend over the whole aperture of the laser. In the feedback scheme investigated here, it is also necessary to check for the angular dispersion after the beam diffracted by the grating is recaptured by the intra-cavity lens system. As indicated, under self-imaging conditions a ray with a wavelength detuned from the Littrow condition comes back is coming back at the same location but at a different angle. The sign of deviation depends on whether it is blue-detuned (lower ray path, blue online) or red-detuned (upper ray path, red online) with respect to the Littrow wavelength. (c) A tilted mirror retro-reflects rays arriving at the tilt angle into itself. Note that there is no reproduction of the ray after one round trip unless some mechanism in the VCSEL coupled rays at equal but opposite angles.
still to the same position after a round trip but at a different angle. To first order, the angular dispersion is
where M is the magnification of the telescope, α L the Littrow angle for the particular wavelength and d the change in the angle at the VCSEL. For a rough estimation of the angular acceptance we take the angular width (HWHM) of the on-axis Fabry-Perot resonance,
where F is the finesse of the cold cavity (i.e. without the active medium), which can be estimated from the parameters of the DBRs, n is an average refractive index of the structure and L eff an effective cavity length (including the penetration of the light field into the DBRs). Combining these two equations, one obtains for the feedback bandwidth
For the current system F ≈ 2700, n ≈ 3.4, L eff ≈ 1.2 µm and hence λ ≈ 0.3 nm. This is reasonably close to the observed spectral width. Figure 5 illustrates that the essential features of length scale control do not depend on the geometry of the laser used, but survive in circular lasers, where the excited near field states are standing waves running along the perimeter of the laser [34] because of the current crowding along the perimeter [3] . Figure 5 . Plot of the dependence of the transverse wave number on detuning to the longitudinal resonance for a circular laser (diameter 80 µm). The solid circles represent the data from the free-running laser, the open squares the ones with feedback. The dashed black line is a fit to the data under free-running conditions (the dispersion curve is different from the one of the square lasers because the epitaxial growth structure is different [34] ). Here, an f = 8 mm aspheric lens was used for collimation.
Length scale and emission frequency can be tuned over a significant range, the dispersion curve with feedback mirrors the one without feedback and the mode spacing with feedback shows a tendency of being much closer than the one without.
Finally, we mention that a tuning of the length scale is even possible by tilting a plane feedback mirror without an additional frequency-selective element. A range of nearly 3 nm or 1.2 µm −1 (without any attempt at optimization) was obtained in a circular VCSEL (200 µm diameter), matching the dispersion curve obtained with frequency-selective feedback. In tendency, a whole ring of wave vectors is excited as in the case of frequency-selective feedback but there is a significant enhancement of the wave vectors lying in the plane of incidence. We interpret this in the following way: an off-axis wave vector propagating at the angle matching the tilt angle of the mirror is exactly retro-reflected by the mirror ( figure 4(c) ). However, after a round trip the path does not close because the wave vector k ⊥ is converted to its negative − k ⊥ . Nevertheless, it seems that there is enough linear scattering and nonlinear interaction in the VCSEL to couple two wave vectors with different orientations but the same wave number. A particular important mechanism seems to be the reflection at the oxide boundary because typically we see an enhancement of the effect at the perimeter of the VCSEL, where the returning − k ⊥ is converted back + k ⊥ , thus closing a feedback loop. Note that the parity is broken in that plane due to the mirror tilt. Hence the emission at components − k ⊥ and k ⊥ is not equal any more (unlike in the free-running laser or the laser with feedback from the grating).
Experimental results: above threshold states
If the injection current is increased beyond the threshold, the total emitted power and the intensity of the ring in the far field increase. This is expected for a laser above the threshold, of course. In addition, the ring becomes broader and the central wave number increases. The former is due to the excitation of additional transverse modes. The increase in the dominant wave number results from the red-shift of the longitudinal resonance with current: since the feedback wavelength is fixed, the red-shift increases the detuning between longitudinal resonance and feedback and hence the wave number. This change is about 0.03 µm −1 mA −1 (at 2 µm −1 ) or −0.05 nm mA −1 , in good agreement with the current-induced wavelength shift obtained for a single mode of the free-running laser of 0.06 nm mA −1 . Figure 6 gives a quantitative account of the broadening of the emission in Fourier space displaying the threshold current for particular wave numbers for different settings of the feedback frequency. The shift of the emission peak (radius of the ring) mentioned above is smaller than 0.1 µm −1 in the current range of 3 mA displayed and thus not very evident in the figure.
The central curves (no. 6-2, their minima being around 0.9-2.3 µm −1 ) are tongue-shaped and fairly sharp. Their width decreases from no. 6 to 2, i.e. with feedback frequency, respectively, wave number.
The minimum threshold seems to be independent of the wave number (and hence the wavelength). This is somewhat expected since the semiconductor gain line is much broader than a few nanometres. Indeed, assuming that the feedback efficiency is the same for all configurations, the envelope of the threshold curves should represent the net gain curve (i.e. gain minus losses) of the free-running laser. Hence feedback provides a way to probe that. The fact that the width of the tongues decreases with increasing wave number is probably related to the dispersion curve of the free-running VCSEL: q 2 ∼ λ, hence 2δqq ∼ δ λ and δq ∼ δ λ/q. If the spread in detuning δ λ is fixed by the feedback selectivity and constant, then the spread in the wave number should indeed decrease with increasing wave number.
The two outermost curves (lines 7 and 1, grey and black) are characterized by a small tongue on a much broader background. We do not have an interpretation for that at the moment except that some anomaly might be expected to occur at the end of the tuning intervals. The bumps in curves 2 and 3 (red and green online) far above the threshold are at wave numbers for which the free-running laser shows some preference. It is not unreasonable that there is a fingerprint of that in the spectra with feedback.
However, the result that the net gain curve is quite flat is in strong contrast to the length selection in the free-running laser which shows pinning around a few well-defined wave numbers (see figure 3) . This seems to indicate that there is some preference for a few wave numbers (possibly due to parasitic etalon effects in the VCSEL structure) and the excitation of the neighbouring modes is prevented by the clamping of the gain at the threshold gain in a wide range. The feedback here might have been strong enough to wipe out these differences. The preferred wave numbers of the free-running lasers are weakly apparent in the secondary threshold of the feedback case in curves 2 and 3 (red and green online) in figure 6 as indicated before.
Measurements with spatial-frequency-selective feedback
In a further step, a spatial filter is inserted in the Fourier plane of the collimating lens. Again, the laser is driven close to the freerunning threshold. The polarization-selective optical elements are removed from the feedback beam path to maximize the feedback strength. We first studied the influence of a vertical slit with a width of 2 mm corresponding to a cut-off frequency of ±0.9 µm −1 . Scanning the feedback frequency figure 7 is obtained, which is similar to the previously studied frequency scan in figure 2 , but the approximate rotational symmetry present in figure 2 is broken due to the filter: especially in the second and third far-field images the ring is reduced to some spots at the top and at the bottom. The corresponding near-field intensity distribution is much more regular, rather comparable to the wavy stripe patterns observed in the free-running VCSELs [31] . The last two images show nearly no influence of the filter, since the dominant wave number is smaller than 0.9 µm −1 , i.e. below the cut-off frequency. For example, the second to last images in figures 2 and 7 are identical. Using a smaller slit width does not change the emitted patterns but only reduces the output power until the laser turns off for a width lower than about half a millimetre.
If a spatial filter is used, which confines strongly not only the angle of the wave vector but also the wave number, explicit frequency selectivity is no longer necessary in the feedback loop due to the correspondence between the wavelength and the wave number. Hence, the grating can be replaced by a highly reflecting mirror in the following experiments. It appears particularly interesting to check whether configurations of wave vectors can be stabilized which are not present in the free-running laser. At the temperatures investigated, the freerunning laser emits a structure consisting of four dominant Fourier peaks which are arranged in a rectangle (at 10
• ) or multiple peaks distributed rather irregularly on a ring (above about 20
• ; see [31, 35] for examples and a discussion). Numerical simulations though suggest the appearance of a structure consisting of only two peaks in Fourier space corresponding to a stripe pattern aligned parallel to one of the boundaries in the near field [5, 36] . At lower temperatures (wave numbers above about 3.7 µm −1 ), the laser emits at four dominant peaks arranged in a square on the diagonals in Fourier space. It hence seems interesting to check whether the laser can be forced on a stripe or a square mode. In addition, for applications it is interesting whether emission can be forced to be around zero wave number, i.e. on axis.
The filter used in figures 8(a) and (c) has two holes of 1 mm diameter, spaced 2 mm horizontally apart corresponding to the centres of the pass band being at ±0.9 µm laser emission is not as regular as might be expected: the far field is rather ring-shaped with two to four dominant peaks and a wave number around 1.1 µm −1 . The peaks have both a nonzero k x and k y , though the filter is designed to force the laser on a mode with k y = 0. The near field is much more regular than comparable images without a filter (cf figure 2) but shows an irregular wavy stripe pattern instead of perfect stripes. This supports the conclusion reached in [31] that these square broad-area VCSELs indeed prefer to lase on four-spot modes rather than on the stripe patterns predicted by numerical simulations [5, 36] . This might be related to the fact that the stripes are particularly sensitive to perturbations in the corners of the oxide waveguide.
In the next experiment, a filter with a square geometry is inserted into the beam path. It consists of four small holes with 0.5 mm diameter, arranged on a square with a side length of 2 mm, corresponding to a transverse mode with a wave number of 1.3 µm −1 . In the far field, four weak Fourier components are evident, two of them slightly brighter than the others ( figure 8(d) ). The dominant wave number is 1.0 µm −1 , smaller than the one defined by the filter. This is probably the reason that the emission is comparatively weak. The near-field intensity distribution has a partly square symmetry ( figure 8(b) ), especially in the lower left and upper right corner. This shows that the filter is able to control the shape of the emitted pattern to some extent since the free-running laser would show a four-spot pattern with rectangular symmetry or a ring at these wave numbers.
Finally, we mention that an on-axis filter (i.e. a single hole located on-axis) can be used to select states such as the one on the right-hand side of figure 7 or-depending on alignment-even some states with a maximum on-axis but that the near field remains irregular and filamentary. If the cut-off frequency of the filter is reduced below 0.7 µm −1 in an attempt to further enhance the on-axis contribution, the lasers switch off. This illustrates again that homogeneous states interesting for applications cannot be enforced on these lasers.
Conclusions
In summary, the tuning of the wave number and the emission wavelength of a broad-area VCSEL over a wide range of 2.5 µm −1 and 2.5 nm was demonstrated by using frequencyselective feedback in Littrow configuration. The control works for lasers with square and circular apertures. In this paper, the highest achievable wave number is limited by the NA of the collimating lens used. Hence the system can be improved though we do not expect significant enhancements. The whole range of controllable wave numbers can be shifted to higher wave numbers although by operating at a lower heat sink temperature. The coherence of the lasers is improved but single-frequency operation is not obtained in most cases. The tuning is quasi-continuous demonstrating that the laser states are significantly denser than it appears for the freerunning laser. Equation (5) indicates that the bandwidth of the feedback can be reduced-and hence coherence improvedby using a higher resolution grating (e.g. 2400 mm −1 ) and a higher magnification M. If the latter is achieved via the use of a smaller focal length of the collimating lens, the NA can be improved at the same time. Increasing M by increasing the focal length of the second lens has the disadvantage that the setup becomes significantly larger and more difficult to align. Due to the fact that volume Bragg gratings can have a significantly higher diffraction efficiency (>99%) than diffraction gratings, the feedback strength as well as wavelength selectivity and hence control range and coherence might also be improved by the use of a volume Bragg grating, at least if tuning is not required.
Whereas the control of wave number and wavelength works very fine, experiments on the control of shape and symmetry of the spatial structure by spatial filtering in Fourier space were less successful. This indicates a rather strong preference for certain wave vector configurations, probably because of the transverse boundary conditions in the VCSEL structure (see also [31] ). In particular, simple stripes, consisting of two Fourier peaks, suggested as the natural threshold pattern by simulations [5, 36] , were never observed in free-running devices and could not be selected by feedback either. In the same way, stabilization of the homogeneous solution (or the fundamental spatial mode of the transverse waveguide) does not seem to be possible. This is probably linked to inhomogeneities but demands further investigation because of the importance in applications.
The envelope of the minimal threshold states for different settings of the feedback frequency is quite flat as expected due to the broadness of the semiconductor gain curve. On the other hand, this is surprising because the free-running laser selects only a few distinct wave numbers if the detuning condition is changed via the heat sink temperature. It might be useful to explore this by reducing the feedback strength and checking at which value of the feedback strength this preference emerges. This would give an indication of the net gain variations. This result should then be checked against more conventional approaches to measure gain differences as looking at the below threshold resonances (e.g. by adapting methods developed for the longitudinal modes of edge-emitting lasers, e.g. [37] ).
